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Airborne transmission of respiratory diseases has been under intense spotlight in the context of coronavirus
disease 2019 (COVID-19) where continued resurgence is linked to the relaxation of social interaction measures.
To understand the role of speech aerosols in the spread of COVID-19 globally, the lifetime and size distribution of
the aerosols are studied through a combination of light scattering observation and aerosol sampling. It was found
that aerosols from speaking suspended in stagnant air for up to 9 h with a half-life of 87.2 min. The half-life of the
aerosols declined with the increase in air change per hour from 28 to 40 min (1 h™1), 10-14 min (4 h ™), to 4-6
min (9 h™1). The speech aerosols in the size range of about 0.3-2 pm (after dehydration) witnessed the longest
lifetime compared to larger aerosols (2-10 pm). These results suggest that speech aerosols have the potential to
transmit respiratory viruses across long duration (hours), and long-distance (over social distance) through the
airborne route. These findings are important for researchers and engineers to simulate the airborne dispersion of

viruses in indoor environments and to design new ventilation systems in the future.

1. Introduction

The transmission of some diseases (such as tuberculosis, measles, and
chickenpox) via airborne routes has long been recognized [1]. For some
respiratory viruses, such as SARS-CoV (Severe Acute Respiratory Syn-
drome CoronaVirus), MERS-CoV (Middle-East Respiratory Syndrome
CoronaVirus) and influenza virus, their likelihood of airborne trans-
mission is based on various indirect evidence or spreading events [2-4].
Correspondingly, for the continued resurgence of coronavirus disease
2019 (COVID-19), the prospects of airborne transmission have again
come under intense spotlight [5,6]. This is supported by the detection of
high viral loads of SARS-CoV-2 in oral fluids of asymptomatic and
symptomatic COVID-19 patients [7,8]. Furthermore, the RNA of
SARS-CoV-2 was detected in the aerosol samples of medical staff areas,
isolation rooms, and toilets used by patients via polymerase chain re-
action testing [9,10].

However, the relative significance of indirect airborne transmissions
of virus-laden aerosols (also known as droplet nuclei) remains contro-
versial in the context of COVID-19 [11-14]. Specifically, whether the
aerosols are able to indirectly transmit viruses over social distances (e.g.,
2 m) for prolonged periods of time via air movement as the third route of
infection remains debatable [15,16]. This is in addition to the more
widely recognized transmission via direct contact with patients and
their respiratory droplets/aerosols within social distance [17], and
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indirect contact with contaminated surfaces (i.e., fomites) or water or
toilets (by fecal matter) [18-20]. Since aerosols are so small (e.g., <10
pum after dehydration) that air current affects them more than gravita-
tion [12,21,22], in contrast to droplets (e.g., >20 pm after dehydration),
the long-distance (>2 m) and long-time (hours) airborne transmission of
aerosols might pose a higher risk in indoor environments [5,23,24]. In
addition, virus-laden aerosols can enter deeper into the respiratory tract
of the lungs, which may lead to higher severity of COVID-19 progression
[10]. SARS-CoV-2 has been found to be transmittable via the air between
two ferrets [16], but it is inconclusive whether the SARS-CoV-2 was
transmitted through respiratory droplets, aerosols, or both. Gathering
indisputable evidence for airborne transmission could take years and
cost lives [11].

Considering that super-spreading events are more readily explained
by long-range aerosol transmission [5], it is critical to understand the
role of aerosols in the long-time and long-distance airborne transmission
of viruses. In a recent study [15], the half-life of speech aerosols was
reported to be from 8 to 14 min in a stagnant environment (23 °C, 27 %
RH) via light scattering observation (LSO). However, the size informa-
tion of the speech aerosols was not quantitatively obtained by the LSO
measurements. In another recent study, “artificial” droplets with an
average diameter of 5 pm were sprayed into three rooms with different
levels of ventilation, and the half-life of these droplets varied from 0.5 to
5 min via LSO [10]. However, human exhalation contains a wide range
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of droplets (0.01-1000 pm), and aerosol particles are likely to linger in
the air for a longer time [25,26].

To further understand the characteristics of speech aerosols that are
responsible for airborne transmission of respiratory viruses, we
measured the lifetime and size distribution of aerosols expelled from
human speaking (corresponding to asymptomatic carriers) and cough-
ing (corresponding to symptomatic carriers) in stagnant air and under
three different levels of ventilation. As the aerosols and droplets from
speaking or coughing contain a large particle size spectrum, a combi-
nation of LSO for medium-sized droplets (>2.45 pm) and aerosol sam-
pling measurements (10 nm-10 pm) was adopted with an elaborate
chamber system (Fig. 1, Fig. A1 of Appendix). The use of LSO and
aerosol measurement equipment (e.g., optical particle sizer) was dis-
cussed to be complementary in a previous study [15], but there is no
experimental validation yet. Therefore, these two techniques will be
used concurrently to explore their similarities and differences. In brief, a
speaker speaks/coughs into a clean chamber (23 + 1 °C, 50 + 5 % RH)
for ~10 min, and the generated aerosol/droplets scatter a laser sheet,
which is recorded by a camera. At the same time, the size-resolved
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number concentration of aerosols in the chamber was sampled in
real-time for the entire protocol.

2. Materials and methods
2.1. Air supply and chamber

A chamber with inner volume of 0.5 m® was constructed out of
stainless steel to minimize wall losses (Fig. 1). The interior of the
chamber was covered with matte black vinyl film and the top was
covered with a black cloth to reduce light pollution as much as possible
for the experiments with LSO. Three inlets and three outlets were
positioned on the sidewalls, and two fans were installed to promote the
mixing of aerosols in the chamber. Two layers of sealing bags were
attached to the speaking hole (13 cm diameter) of the chamber to pre-
vent leakage of room air into the chamber during the experiments,
especially for the speaking phase. Clean air was supplied to the chamber
from the “air supply system” so as to create slightly higher pressure in
the chamber to prevent dust from entering from the outside.
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Fig. 1. Schematic of the experimental setup. (A) 3D schematics of a 0.5 m® cubic stainless-steel chamber and air supply system. (B) The top view of the chamber
system. A vertical laser sheet (height: 16.8 cm, thickness: 0.5 c¢m) is introduced through transparent windows across the chamber, normal to the speaking direction. A
camera is located at the center of the right panel, with a hole for the speaker on the left panel.
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In the “air supply system” in Fig. 1A, two high-efficiency particulate
air filters with 99.97 % filtration efficiency at 0.3 pm were used to
remove particles from the compressed air. Prior to entry into the
chamber, the humidity of supply air (50 + 5 % RH) was controlled by
adjusting the mixing ratio of dried air and humid air from a humidity
generator. The temperature of supply air (23 + 1 °C) is typical of indoor
environments. The measurements of temperature and relative humidity
in the chamber were obtained using a sensor probe (TH210 BODI 150-R,
KIMO) with a NI data logger (NI 9215) and LabVIEW NXG.

2.2. Light scattering observation

A 2 W, 532 nm continuous-wave diode-pumped solid-state laser was
used in this experiment. The laser sheet produced was approximately 5
mm thick and 168 mm tall. Transparent windows on the front and rear
panels allow for optical access to illuminate the measurement plane
situated in the middle of the chamber (Fig. 1). A Canon EOS 800D
camera with a Canon EF-S 18-135 mm f/3.5-5.6 lens was mounted 2 cm
away from the 7 cm wide view window on the center of the right panel of
the chamber. The camera was used to record 1080p videos (1920 x
1080 pixels resolution) at 25 frames per second. The focal length used
was 35 mm, resulting in a field of view of ~30 x 18 cm, which was
slightly larger than the illuminated area from the laser sheet. The
camera was focused on the laser sheet, to continuously capture light that
was scattered by aerosols. The effective volume of the laser sheet for
aerosols captured in the videos is estimated to be 252 cm®. A MATLAB
code was used to count the number of aerosols frame by frame whose
maximum single-pixel intensity surpassed a threshold value of 15.
Through several rounds of trial and error, it was observed that 15 pro-
vided adequate relevant information without having corruption from
background noise. It should be noted that aerosols smaller than 15 are
hence not captured.

2.3. Aerosol sampling equipment

A combination of particle sizers including a scanning mobility par-
ticle sizer (SMPS, size range: 10-420 nm, TSI 3910) and optical particle
sizer (OPS, size range: 0.3-10 pm, TSI 3330) was used to measure
aerosol size distribution between 10 nm and 10 pm. An ultrafine particle
counter (P-Trak, size range: 20-1000 nm, TSI) was used as well. The
sampling interval was 1 min for the SMPS, 1 s for both OPS and P-Trak.
Three sampling pipes were inserted into the chamber by a depth of about
25 cm via an aerosol sampling hole on the right panel, as shown in Fig. 1.

2.4. Experimental procedure and conditions

The chamber was purged by clean air from the “air supply system”
with mixing fans turned on for at least 1 h under air change per hour
(ACH) of 9 h™, until particle concentration (>10 nm) in the chamber is
near 0 #/cm® before the start of experiments. Following which, mea-
surements were recorded for the “background” phase from 0 to 14 min,
which serves as a baseline. In the next ~10 min, the speaker repeated the
phrase “stay healthy” or coughed into the chamber via the inner layer of
the sealing bag. Subsequently, the measurements continued to record for
the “decay” phase of aerosols till they almost disappear. Note that the
chamber was operated under ACH of 9 h™! in the “background” and
“speaking” phases, and high positive pressure in the chamber prevented
leakage of room air into the chamber from the speaking hole. Two
mixing fans inside the chamber were turned on to promote the ho-
mogenous spatial distribution of aerosols in the “background” and
“speaking” phases, which were turned off in the “decay” phase. The ACH
of the chamber was set as O (i.e., stagnant air), 1, 4, 9 h~!in the “decay”
phase (Table 1) by adjusting the flow rate of supply air to 0, 0.5, 2, and
4.5 m3/h, respectively, using the flow meter shown in Fig. 1A.

In Fig. 1B, two layers of sealing bags are attached to the speaking
hole. The main function of the outer layer of the large sealing bag was to
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Table 1
Summary of human exhalation types and experimental conditions.

exhalation loudness  environmental ACH (h™ 1) air velocity
type conditions in in “decay” near laser
“background” and phased sheet (m/s) in
“speaking” phases “decay”
phase®
speaking” loud 23+1°C 0 ~0
speaking® loud 50 + 5 % RH 1 <0.01
speaking” loud ACHof 9h! 4 <0.01
speaking” loud 9 <0.01
coughing” loud 1 <0.01
coughing” loud 4 <0.01
coughing” loud 9 <0.01
breathing® - 9 <0.01

@ The phrase “stay healthy” was repeatedly spoken in a loud voice (maximum
83 dB at the distance of 40 cm; average 77 dB) with 2—-4 s of pause in between the
phrases in 10-min “speaking” phase.

b The “coughing” was repeated with similar loudness (maximum 86 dB at the
distance of 40 cm; average 72 dB) with 2—4 s of pause in 10-min “coughing”
phase.

¢ The inhalation and exhalation with both mouth and nose.

4 ACH: air change per hour thH.

¢ The air velocity near the laser sheet in “decay” phase is almost 0 m/s by a hot
wire anemometer, but air currents are still present (<0.01 m/s estimated by the
movements of aerosols) even in stagnant air.

hold the upper part of the speaker body in a relatively clean environ-
ment before opening and speaking into the inner small re-sealable zipper
bag, which was attached to the speaking hole of the chamber. The
relatively clean environment in the outer large bag allowed the speaker
to clean his/her lung during the background phase. The outer large bag
can also prevent direct contact between the opening of the inner small
bag and the untreated air in the lab given that any slight body movement
or indoor air turbulence would result in potential contamination of the
chamber during the speaking phase. In the speaking phase, only the
front part of the speaker’s face (i.e., the nose and mouth) was closely
attached to the opening of the inner small bag. As such, possible
contamination due to other human body parts (e.g., hair) was negligible,
which was also verified by the obvious difference in aerosol results be-
tween the speaking and breathing cases (Fig. A6). Moreover, the high
pressure within the chamber forces air to flow out of the speaking hole,
through the inner small bag followed by the outer large bag, which was
also important to avoid the potential contamination of the chamber.
More details about the two-layered sealing bags and experimental pro-
cedure can be found in the Appendix.

Under the Covid-19 restrictions imposed by the University, lab ac-
cess was restricted to only research staff who were authorized users. To
avoid the possible transmission of Covid-19, only a subject, one of the
authors of this work, was tested for the 8 cases (Table 1) with repeats of
at least 3 times. The subject had no history of respiratory disease or
symptoms. The phrase “stay healthy” was chosen for its effectiveness in
generating a large number of droplets and aerosols [15].

3. Results
3.1. Decay and lifetime of aerosols from speaking or coughing

The lifetime of the aerosols was first recorded in stagnant air. Sub-
sequently, three different ventilation conditions were considered where
the air change per hour (ACH) was set as 1, 4, and 9 h1, corresponding
to typical home (natural ventilation), office (common mechanical
ventilation), and crowded scenarios (strong mechanical ventilation),
respectively [27]. It was found that the aerosols expelled from speaking
decreased exponentially and remained suspended for up to 9 h in stag-
nant air after the end of speaking (Fig. 2), which are captured at 30, 120,
360, 565 min by LSO (Fig. 2B, C, 2E, and 2F). For non-stagnant



S. Ding et al.

Speaking

=23
o

Building and Environment 205 (2021) 108239

120 min

(<]
o
1

E
o
L

N
o
1

Particle count per frame (#)
w
o
1

-
o
1

Half-life of aerosols: 87.2 min (+2.8)

565 min

——T—TT—
180 240 300 360 420
Time (min)

OL

T
60 120

I
480

T
540

Fig. 2. Decay and lifetime of aerosols from speaking in stagnant air. (D) The decay of aerosols from speaking in terms of particle count per frame by light scattering
observation (100-s moving average for the original data) across “background” (14 min), “speaking” (~10 min), and “decay” (for 9 h in stagnant air) phases with five
repeats. In the speaking phase, the phrase “stay healthy” was repeatedly spoken in a loud voice (maximum 83 dB at the distance of 40 cm; average 77 dB) with 2-4 s
of pause in between the phrases. Accumulated images of 500 successive frames (20 s) for one of the tests at (A) 5 min, (B) 30 min, (C) 120 min, (E) 360 min, and (F)

565 min. A movie is available online at https://doi.org/10.5281/zenodo.4703075.

environments, the number concentration of aerosols from speaking or
coughing displayed an exponential decay over time across all experi-
mental conditions (Fig. 3, Figs. A4-A5 of Appendix), and finally
decreased to near background levels (0-1.2 x 1073 #/cm3) after about
4h(ACH: 1h™),1.2h (ACH: 4h™"), and 0.5 h (ACH: 9 h™'), measured
by the optical particle sizer for particles from 0.3 to 10 pm (Fig. 3). For
the half-life of aerosols, it is obvious that it declined with the increase in
ACH from 87.2 min (ACH: 0 h™!), 28-40 min (ACH: 1 h™1), 10-14 min
(ACH: 4 h™1), to 4-6 min (ACH: 9 h™1) (Figs. 2D and 3B). The half-life of
aerosols from coughing was slightly higher than that of speaking by
3.6%-37.8 % in most cases, regardless of the measurement methods
(Fig. 3B).

3.2. Time-resolved size distribution of aerosols from speaking or coughing

The size distribution of aerosols after dehydration from speaking was
across the wide size range from 10 nm to 8 pm (Fig. 4) under ACH of 4
h™!, and there was no noticeable difference between speaking and
coughing (Fig. 4, Fig. A6 of Appendix). The distribution of aerosols
appears random in all 13 size bins obtained from the scanning mobility
particle sizer (10-420 nm), without a specific mode of particles (Fig. 4A,
Fig. A6). In contrast, most aerosols measured by the optical particle sizer
(0.3-10 pm) were concentrated from 0.3 to 0.7 pm (Fig. 4B, Fig. A6). As
expected, the aerosols with larger diameters from 2.5 to 10 pm dis-
appeared earlier, and smaller aerosols (0.3-2 pm) remained suspended
in the air till the end of their lifetime (Fig. 4B, Fig. A6, Fig. 3A). Also,
aerosols from normal breathing were investigated and there were few
data points observed (Fig. A6) compared to speaking or coughing.

4. Discussion
Our results indicate that the long-time (hours) and long-distance

airborne transmission of respiratory viruses (e.g., SARS-CoV-2) are
plausible via air movement since the aerosols expelled from speaking

can remain suspended in the air for up to 9 h in a stagnant environment
with a half-life of 87.2 min. Calculations predict that a 1-pm particle will
take about 7.4 h to settle to the ground from 0.8 m in a stagnant envi-
ronment based on Stokes’ law [10]. Undeniably, the complete proof of
the airborne transmission must include another two necessary evi-
dences: high viral loads are existing in the oral fluids and upper respi-
ratory tract of patients [28,29], and the SARS-CoV-2 virus can remain
viable in aerosols for 3 h, which was reported recently using “artificial”
aerosols generated by a 3-jet Collison nebulizer [30].

For the lifetime of speech aerosols, in a recent study, the lifetime was
measured via LSO in a stagnant environment (a 0.23 m°® of cardboard
box), with a half-life of 8-14 min reported [15]. However, the size in-
formation of aerosols was not quantitatively obtained by the LSO mea-
surements. In contrast, a bigger stainless-steel chamber (0.5 m?) was
adopted with a longer time of speaking (10 min) in our study as
compared to the 25 s of speaking in their study. In addition, via both LSO
and aerosol sampling measurements, we are able to obtain both the
lifetime and size distribution of speech aerosols under a stagnant envi-
ronment and three different levels of ventilation. As compared to the
study, the half-life values of aerosols are longer (4-87.2 min) in our
study. One possible reason is that most aerosols evaporated into smaller
diameters during the long 10-min speaking phase. Another possible
reason is that there is less aerosol loss due to deposition from contact or
static electricity in a bigger stainless-steel chamber.

With the size-resolved number concentration of aerosols at the end of
the “speaking phase” (Fig. 4B, Fig. A6) and the volume of the chamber, it
is estimated that 10-min loud speaking or independent coughing, pro-
duced 0.25 (413 per second) or 0.19 (315 per second) millions of
aerosols in the size range of 0.3-10 pm, respectively (Fig. 4C, Figs. A7A
and A7B). In another study, the emission rate was reported to be 330
particles per second in the size range of 0.3-20 pm for the “aah”
vocalization [31]. For SARS-Cov-2, estimates using the average viral
load in oral fluid (7 x 10 copies per milliliter) suggest that 10-min loud
speaking or coughing could generate 64 (21586 for the maximum virus
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by the light scattering observation (LSO, Dsg = 2.45 pm, D5 means that 50 % of particles are visible, which is also regarded as minimum visible particle size, see
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measurement since its sensitivity is better than that of LSO, and corresponding results measured by the LSO and P-Trak are shown in Figs. A4-A5 of the Appendix.

load of 2.35 x 10° copies per milliliter) or 27 (8988) virus-laden aerosols
in the size range of 0.3-2 pm that remain suspended almost until the end
of the lifetime of the aerosols, respectively (Fig. 4B and D) [15]. A
mathematical model predicted that only a single cough may generate as
many as 1855 virus-containing particles that can remain airborne after
10 s (for viral load in oral fluid: 2.35 x 10° copies per milliliter) [32]
based on the droplet size distribution measured by Chao et al. [26]. In
this work, a single cough was estimated to produce about 239
virus-containing particles (28707 by 10-min coughing or ~120 coughs)
in the size range of 0.3-10 pm using the same viral load.

The aerosols in size bin of 0.3-2 pm, in which aerosols have a higher
possibility to carry more viruses than smaller aerosols (<0.3 pm)
(Fig. A7C) and their lifetime being relatively longer than larger aerosols
(>2 pm) (Fig. 4B), are likely to be the crucial medium to spread infec-
tious respiratory diseases (Fig. 4D), especially in the super-speeding
events of SARS-CoV-2 [5]. The infection risk of SARS-CoV-2 via the
small aerosols (0.3-2 pm) compared to larger aerosols (e.g., 2-10 pm
after dehydration) or droplet deposition route (e.g., >20 pm after
dehydration) needs to be further evaluated using risk assessment models
(e.g., AirCoV2) for various indoor scenarios (e.g., a cafe) [17,23,33,34].
Also, using virus-laden aerosols generated by infected humans or other
animals is recommended to evaluate the transmissibility of reparatory
diseases [35,36]. More subjects need to be tested in the future using the
methodology proposed in this work considering the variance between
different persons [37].

To obtain the minimum visible droplets in LSO, calibrations using

standard monodisperse droplets were conducted in this work, and Dsg
was about 2.45 pm in our study (Figs. A2-A3). For the aerosol diameter
in LSO, even though the counting efficiency is lower than 50 % for
aerosols less than 2.45 pm, aerosols captured in Fig. 2 were expected to
be in the size range of 0.6-2.5 pm (Fig. 2). It is worth noting that the
aerosol concentration in the 252-cm® observation window of LSO is
considerably lower than OPS measurements by about 9 times. This is
because the counting efficiency of the LSO is lower than 50 % for
aerosols less than 2.45 pm and most speech aerosols varied from 0.3 to 2
pm. For instance, the counting efficiency of LSO was estimated to be only
16.7 % for 1-pm droplets compared to the OPS (Fig. A3k). In essence,
even though LSO and OPS use the same technique of light scattering, the
sensitivity of OPS was higher than that of LSO. However, the LSO
technique provided real-time visual evidence of aerosols in the air [15],
which did not affect the stagnant air condition due to sampling and had
no particle loss unlike the sampling process of OPS.

Although our results are not from patients infected by respiratory
viruses, the accurate experimental evidence reported here fills an
important gap for the possibility of the long-distance and long-time
airborne transmission of SARS-CoV-2. This work indicates that 2 m of
social distance is not enough to prevent airborne transmission route, and
new control measures targeting the generation (e.g., wear masks) [21,
38], accumulation (e.g., ventilation or filtration) [39,40], and inhalation
of aerosols (e.g., wear masks) [41] should be considered in the battle
against COVID-19 and future new infectious respiratory diseases.
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and “decay” measured by (A) scanning mobility particle sizer for particles from 10 to 420 nm, and (B) optical particle sizer (OPS) for particles from 0.3 to 10 pm in
the chamber (air change per hour: 4 h™1). Size distributions under different ventilations are shown in Fig. A6 of Appendix. (C) Average size-resolved number of
aerosols in 12 size bins of optical particle sizer from the 10-min speaking (average across the 9 tests). (D) Estimated size-resolved number of SARS-CoV-2 virus-laden
aerosols from 10-min speaking based on average particle size distribution by OPS (Fig. A7A of Appendix) and average virus load of oral fluid of COVID-19 patients (7
x 10° copies per milliliter), assuming the size of aerosols measured shrinks to 20 % of its original size due to dehydration [15].

5. Conclusions

The present study obtained the accurate lifetime and size of aerosol
from speaking and coughing in stagnant air and under three different
levels of ventilation. Speech aerosols from speaking can linger in stag-
nant air for up to 9 h with a half-life of 87.2 min. The half-life of the
aerosols declined with the increase in air change per hour from 28 to 40
min (1 h’l), 10-14 min (4 h’l), to 4-6 min (9 h™1). The aerosols in the
size range of about 0.3-2 pm had the longest lifetime compared to larger
aerosols (2-10 pm). These results suggest that speech aerosols have the
potential to transmit respiratory viruses across long duration (hours),
and long-distance (over social distance) through the airborne route. This
information is important for researchers and engineers to simulate the
airborne dispersion of viruses and to design new ventilation systems.
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